The microstructures and chemical composition of nano-precipitates in vanadium (V) steels were investigated by the alloy contrast variation method (ACV) using small-angle X-ray scattering (SAXS) coupled with small-angle neutron scattering (SANS) at holding temperatures ranging between 600 and 700°C. Both the SAXS and SANS profiles exhibited clear scattering, depending on the holding temperature, due to the presence of nano-precipitates. The scattering profiles of the precipitates are characteristic of spherical or disc-like particles. The average diameters of these precipitates increased from 0.5 nm at 600°C to 23 nm at 700°C, whereas the number density of the precipitates decreases with increased holding temperature. Therefore, the increasing holding temperature results in an increase in the growth rate of the precipitates. ACV analysis revealed that the chemical composition of the precipitates corresponds to NaCl-type vanadium carbide (VC) at 675 and 700°C, and as VC0.9 at 625 and 650°C. The formation of a different heterogeneity, non-NaCl type, was found in the sample at a holding temperature of 600°C. This probably corresponds to a precursor of the NaCl phase in the initial process of precipitation.
Introduction
Steels are now required to have higher strength with lower alloying element content for lower energy consumption and CO2 emissions during production, transportation and use, and also for recyclability. Microalloyed steels with nano-size carbide are potential candidate materials fitting these requirements. In these alloys, however, the alloying elements which contribute to the strengthening of the steels by forming carbide or nitride are often rare metals. 1, 2) Orowan's well-known model, precipitation hardening can be increased by decreasing the inter-precipitate distance (and precipitate size) to the smallest limit of the dislocation by-passing mechanism. Therefore, precipitate size should be controlled to be as small as possible in order to obtain a higher precipitate number density per a certain volume fraction of precipitate. For this purpose, we need to know the mechanism of precipitation and the relationship between the process conditions and the resulting microstructures. In particular, acquisition of quantitative information of the microstructures, e.g., evolution of the shape, size, and number density, is required. In addition, it is also important to elucidate the chemical composition of the precipitates because it plays an important role in their kinetics.
Titanium, niobium and vanadium are well-known microalloying elements which often form MC-type carbides (M: metal) with a ferrite matrix of less than 10 nm. [2] [3] [4] For vanadium, the fine structure has been intensively studied over the last few decades. Previous research shows that the crystal structure of the carbides is usually NaCl-type, with a chemical composition of VC or V4C3, and the morphology of the precipitate is spherical, ellipsoid, needle, or plate, depending upon the composition and heat treatment. 2, [5] [6] [7] Microstructural information was generally obtained using a transmission electron microscope (TEM). While this is the best tool to obtain qualitative microstructure information, the quantitative analysis of those vanadium steels is often insufficient to obtain representative statistical microstructure parameters because of limitations to the observed volume and low contrast in the coherent precipitates. Consequently, despite the volume of research, several topics are still controversial, e.g., the mechanism of evolution of precipitates, and even the chemical composition of the precipitates, especially during the early stages of precipitation. 2) Compared to TEM, the information obtained from the small-angle scattering (SAS) technique is quite limited, but it is a complementary and suitable technique to obtain average and representative values for the size of the precipi-© 2011 ISIJ tates. [8] [9] [10] [11] However, few studies have used SAS on the microstructure of VC precipitates in steels. Recently, a new technique for quantitative analysis of the precipitates called alloy contrast variation (ACV) using small-angle X-ray (SAXS) and neutron scattering (SANS) was presented. 12) The information obtained from SAXS and SANS is basically identical, and reflects the size and shape of the precipitates. The difference between them is only in the scattering lengths of a material for an X-ray or a neutron. Since the scattering lengths are uniquely determined by the crystal structures (or mass density) and chemical compositions, it is possible to obtain information about the chemical composition of the precipitates using the ACV method, to complement the shape and size information obtained from the standard SAXS or SANS measurements. In addition, determination of the chemical composition provides a precise estimation of the number density of the precipitates.
In this study, ACV analyses of medium carbon vanadium steels using SAXS and SANS measurements are performed. The microstructures are quantitatively investigated, in addition to changes in the vanadium carbides during heat treatment, i.e., the effects of holding temperature.
Experimental Procedure
In order to examine the effect of vanadium, medium carbon steels with V and without vanadium were studied. The composition (in wt.%) of the alloys is listed in Table 1 . The alloys with V were heated at 1 250°C and cooled at 20°C/s to the holding temperatures T (600, 625, 650, 675, and 700°C) and then held for 1 800 s in order to control the precipitation conditions of vanadium carbides, which were formed by interphase precipitation during ferrite and pearlite transformation. The matrices are mixed microstructures composed of ferrite and pearlite in the samples held at 600, 625, 650, and 675°C, and of ferrite, pearlite, and martensite in the sample held at 700°C. The non-V sample was waterquenched from heating temperature to room temperature as a reference containing no vanadium precipitates.
The samples for the SAXS measurements were mechanically polished, typically to 20-30 μm, to achieve the appropriate transmission rate. Quantitative analysis of SAXS requires accurately known thickness at the measured position. To exclude the effects of thickness variation, the thickness of the samples was determined using the X-ray transmission rate and line absorption coefficient calculated from the chemical composition of the samples, and the massabsorption coefficients of the constituent element. 12) Using typical Cu Kα X-ray radiation, the SAXS measurement of steel is limited due to low transmission rates and high fluorescence. Hence, the SAXS measurements were performed using two fine-focus SAXS instruments with Cr Kα (Bruker, NANOSTAR) and Mo Kα radiation (Rigaku Nano-Viewer) at the National Institute for Materials Science. Incident Xrays were focused using a Goebel mirror for Cr-SAXS, and a two-dimensional confocal mirror for Mo-SAXS. In the Mo-SAXS experiments, the distances between the samples and the detector (~350 and 1 100 mm) were selected to cover a wide q region (0.2 to 10 nm -1 ). Here, the modulus of scattering vector, q, equals 4 πsinθ/λ, where θ is half the scattering angle and λ is the wavelength of the incident beam. The total q range of the SAXS profiles was 0.07 ≤ q ≤ 10 nm -1 . For both instruments, a two-dimensional detector (Bruker HiSTAR) was used. The SAXS intensities were converted into absolute units using glassy carbon provided by the Argonne National Laboratory as a secondary standard. 13) The samples for the SANS measurements were formed into an area of 2 cm × 2 cm and a thickness of 2.0 mm. SANS measurement was performed using the SANS-J-II installed in the JRR-3 reactor of the Japan Atomic Energy Agency. A wavelength of 0.65 nm with a resolution of 13% was selected using a velocity selector. A two-dimensional position-sensitive detector was used to obtain the scattering profiles. The distances between the samples and the detector were ~2 200 mm and 10 000 mm. The SANS q range was between 0.03 and 1 nm -1 . Detailed description of the instrumentation has been given in previous reports. 14, 15) To separate the magnetic scattering contribution from the nuclear scattering, a magnetic field of 1.0 T was applied in the vertical direction. 16) Since the magnetization of the samples is completely saturated in this field, the scattering intensity parallel to the magnetic field includes only the nuclear contribution. Irradiated aluminum was measured as a secondary standard for the SANS intensity in absolute units. Figure 1 shows a typical bright-field TEM image of the V-containing steel with the holding temperature T = 700. It can be seen from the micrograph that the shape of the precipitates are spherical or disc-like with the average size of 10 nm. For the present sample composition, the thermal equilibrium calculation using the Thermo-calc indicates that the thermal equilibrium state of precipitate is an NaCl-type vanadium carbide (VC). 18) The SAXS profiles observed from V and non-V-containing steels in absolute units are shown in Fig. 2 . The intensity of the non-V sample is a featureless decreasing curve which originates from heterogeneities which can be inclusions Table 1 . Chemical composition of the samples (wt.%). (MnS, Al2O3, etc.) formed in the melting process, and is not related to vanadium compounds. The SAXS profile of the non-V sample does not show the clear plateau region of a Guinier regime. 19) Regarding the q-region where the Guinier approximation can be applied, this profile corresponds to the scattering from structures with a radius of gyration larger than ~43 nm, corresponding to the radius of a spherical particle larger than ~55 nm. In the other samples containing V, a weak shoulder is observed around q~1 nm -1 . This is scattering from V compounds and reveals the formation of nanosize precipitates in all of the samples with V.
17)

Results & Discussion
For further analysis, the contribution of heterogeneity larger than the precipitates is an obstacle because it hides scattering features of the small precipitates, such as plateau region and q -2 dependence. Since the SAXS profile of the non-V sample can be regarded as the contribution from only the larger heterogeneity, it was subtracted from the SAXS profiles of the other V samples as the background. 9) Figure  3 shows the SAXS profiles from which that of the non-V sample was subtracted. All of the samples show clear scattering from the V precipitates. It can be clearly seen from Fig. 3 that with an increase in T, the Guinier region (plateau) is shifted toward the low q region, which indicates that the size of the precipitates increases with increased T. The SAXS intensities of the samples held at higher T (675 and 700°C) show plateaus in the lowest q region (q < 0.2 nm -1 ). Then, they decrease in proportion to q -2 in the middle q region (0.2 < q < 1 nm -1 ), and fall off steeply in the highest q region (q > 1 nm -1 ). These features are consistent with the scattering of randomly-oriented disc particles. 19, 20) In the other samples (600, 625, and 650°C), the SAXS intensities show plateaus in the lower q region, followed by a gradual reduction, and do not show a clear q -2 dependence. These features indicate that the shape of the precipitates is disc or spherical, with a large size distribution. 19, 20) These features in the shapes of the precipitates are consistent with the results of TEM observation and previous researches.
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A curve fitting analysis was then carried out. Based on the TEM observation and the above discussion, two kinds of fitting functions were used. One is the small-angle scattering intensity I(q) of randomly oriented disc particles described as:
..... (1) where V(r), F(q,r,t), and N(r) represent the volume, form factor and size distribution of precipitates, respectively, with a radius r of the basal plane, and a thickness of the disc t.
20)
Δρ is the difference in scattering length density between the matrix and the precipitates. dN is the number density of the precipitates. F(q,r,t) and V(r,t) are given by Eqs. (2) and (3) where B1(x) is the first-order Bessel function. The samples held at higher T (675 and 700°C) were analyzed using the above equations. On the other hand, it is difficult to obtain sufficient information from the 600, 625, and 650°C samples using the disc model, due to the unclear q -2 dependence. Thus, another equation was used, the scattering from spherical particles, represented as: 
. (8)
.
To simplify the analyses, t is regarded as a constant without size distribution in this study. Figure 3 also shows the results of fitting. The fitted curves agree well with the corresponding experimental data. The parameters obtained, Dave, σ, and t, are shown in Fig. 4 .
These clearly show that the size of the precipitates increases with increasing holding temperature. The average diameter of the precipitates increases from 0.5 nm at 600°C to 23 nm at 700°C. This tendency, as well as the range of sizes, is close to the values reported in a previous study. 7) The SANS profiles of the same samples are shown in Fig.  5 . The scattering in the low q region shows almost the same behavior in all samples. In the q region higher than 0.3 nm -1 , the SANS profiles become different from each other, and increase in the samples with V compared with the non-V sample. These profiles are composed of the background contribution and scattering from the precipitates, as seen in the SAXS profiles. In order to exclude the background contribution, the SANS profile of the non-V sample was subtracted from the profiles of the other samples in the same manner as in the SAXS analyses. Figure 6 shows the background-subtracted SANS profiles. Although they basically include the scattering contribution only from the precipitates, in the q < 0.6 nm -1 of the samples 650, 675 and 700, the deviation of the SANS profiles from the SAXS profiles is observed. This probably reflects the difference in the heterogeneity not related with the vanadium compounds larger than the precipitates. Since the scattering of this heterogeneity is not clearly observed in the corresponding q range of the SAXS profiles, its candidate compound is cementite particles. The Δρx of the cementite in ferrite matrix is negligibly low, while its Δρn is significantly high. 21) Based on the Porod law, this contribution rapidly decreases in proportion to q -4 in high q region. Thus, in the q > 0.7 nm -1 , the SANS profiles are regarded as the scattering mainly from the V precipitates and the analysis similar to the SAXS can be applied to the SANS. The observed q range of the SANS profiles is insufficient for a curve fitting analysis with completely free parameters of size, e.g., r and t in the above equations. However, since the origin of SANS intensities is intrinsically identical to that of the SAXS intensities except for a difference between Δρx and Δρn, the size parameters must be the same between SAXS and SANS. Hence, when the parameters r and t are fixed using the results of the SAXS analysis, it is possible to carry out the curve-fitting analysis. The results of the fitting analyses of the SAXS and SANS measurements give the ratio of the square of the scat- was estimated to be about ± 10%, 12) the difference obtained is significant, and shows that the precipitation occurs via 3 processes.
For compounds with well-defined crystal structures and chemical composition, the value of Δρx 2 /Δρn 2 can also be evaluated from that data. 22) According to previous reports, [23] [24] [25] NaCl-type VCx with a varying fraction of carbon (x value) is the first candidate for the precipitate in V steels in this temperature and size range. Figure 8 shows the values of Δρx 2 /Δρn 2 calculated from the chemical composition and crystal structures using literature data. There is a linear increase in Δρx 2 /Δρn 2 with an increase in x from 0.72 to 0.94.
The middle (675 and 700°C) and highest values (625 and 650°C) obtained from the experiments are located in this region. The lowest value corresponds to the value calculated at x = 0.9, while the middle value is slightly higher than that at x = 0.94. This indicates that at T = 625 and 650°C, the precipitates have a carbon deficient structure, while at T = 675 and 700°C, the chemical composition of the precipitates is almost perfect VC1.0. Thus, we conclude that equal to and above 625°C, NaCl-type VCx nanoparticles are formed in the steels. Ishiguro and Sato also have reported nonstoichiometric MCx in ultra-low carbon steels. 26) Using electron energy loss spectroscopy (EELS) in a field-emission TEM, TiCx and (Ti, Nb)Cx were observed. The values of x were 0.82-0.91 in the Ti-and Ti-Nb-bearing steels. This range of x is consistent with our results. On the other hand, the Δρx 2 /Δρn 2 at T = 600°C does not agree with the values calculated for VCx. This compound probably corresponds to the initial processes of precipitation on the nanometer scale. Taking their size into account, it seems that clusters or embryos with different crystal structures from VC are being detected. To identify the structure, further studies with TEM or other techniques are necessary.
In the 625-700°C samples, since the chemical composition of the precipitates was identified, dN can be evaluated from the results of the fitting analysis using the calculated Δρx or Δρn of each chemical composition along with Eq. (1). For the 600°C sample, since the phase was not completely determined, a possible range of dN was evaluated between VC0.72 and VC0.94 as a reference. Figure 9 shows dN as a function of T. This indicates that a remarkably large amount of precipitate is formed even at 600°C. Above 600°C, the amount tends to decrease with increasing T. The magnitude of dN is between ~10 17 cm -3 at 625°C and ~10 15 cm -3 at 700°C. This is interpreted as an increase in the precipitate growth rate with a rise in temperature. The volume fraction Vf was then also estimated from dN and the average volume of the precipitate obtained from the results of the fitting analyses, Dave and σ, except for the 600°C sample (Fig. 10) .
Vf reveals the increasing and saturation behavior with increasing T. The increasing behavior signifies that a higher Hence, almost all V is precipitated as VC particles between T = 650 and 700°C, while at 625°C, a portion of the V is still diffused in the matrix.
The hardness of the samples is shown in Fig. 11 . For the hardness measurements, the non-V samples with holding temperatures T = 600, 650, and 700°C were also prepared for comparison. The non-V sample shows an increase in hardness at 700°C. For this sample, the martensite formed in the matrix gives rise to the hardening. At T equals 600 and 650°C, the samples with V are significantly harder than the non-V samples. This is attributed to precipitation hardening. Note that the hardening occurs even in the 600°C sample, even though the phase of the precipitate in this sample is likely not the NaCl-type VCx, which shows that precipitates other than VCx also contribute to the hardening. Despite the lower dN compared with the 650°C sample, the 700°C sample still shows higher hardness. At this temperature, hardening due to martensite is probably dominant.
The effect of the precipitates on the mechanical properties is generally described by Ashby-Orowan equation: 27, 28) .............. (9) where ΔYS is the increment in yield strength, m is the Taylor factor. G and b are the shear modulus and the Burgers vector, respectively. L is the distance between two precipitates on the slip plane, k is the correction factor about the interaction between dislocations. G and b are 75 GPa 29) and 0.25 nm for the medium carbon steel. For vanadium microallyed medium carbon steels, k is 2.7 in ferrite and 1.0 in pearlite, and m is 2.0.
27) x is the particle diameter on the slip plane and described as follows when the precipitates are (11) and the parameters obtained from the SAXS for Eq. (9) gives the ΔYS (ΔYS SAXS ). Since the hardness H is empirically expressed as ΔYS (MPa) = 3.04 H (HV), 30) ΔYS can be also evaluated from the difference in the hardness between V samples and non-V samples at 550, 600 and 650°C (ΔYS HV ). Figure 12 shows ΔYS SAXS and ΔYS HV as a function of T. At 625 and 650°C, while the values of ΔYS SAXS result in underestimation for k = 1.0, they are consistent with ΔYS HV for k = 2.7. This indicates that the precipitation strengthening in the ferrite has a dominant influence on the hardness. At 675 and 700°C, the values of ΔYS SAXS decrease to ~30%. Although the contribution of the precipitates is not clear in the hardness measurements due to the formation of the martensite, ΔYS SAXS reveals that the precipitation strengthening occurs and is reduced probably caused by coarsening of the precipitates. At 600°C, ΔYS SAXS for k = 2.7 is distinctly higher than ΔYS HV . This is probably attributed to the less contribution of the small precipitates in which the Ashby-Orowan mechanism is not accepted, as 
Conclusion
In conclusion, the fine structures of vanadium carbides precipitated in medium carbon steels and the changes therein with varying holding temperature were investigated using SAXS and SANS measurements and ACV analysis. The results are as follows:
(1) Nanosize precipitates appear for T = 600 to 700°C.
(2) The SAXS profiles indicate that the shape of the precipitates is spherical or disc-like below and equal to 650°C, and disc-like over 650°C.
(3) The chemical composition of the precipitates is NaCl-type VC at T = 675 and 700°C, and carbon deficient VCx (x~0.9) at T = 625 and 650°C. At 600°C, the chemical composition of the precipitate is not NaCl-type VCx. Taking their size into account, this indicates that clusters or embryos having a different crystal structure from VCx are formed in an initial precipitation process.
(4) With an increase in T, the number density of the precipitates reduces from ~10 17 cm -3 at 625°C to ~10 15 cm -3 at 700°C.
(5) Hardening occurs even in the 600°C sample in which the chemical composition of the precipitate is different from that of vanadium carbide.
